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Abstract
Objectives: The curative effect of allogeneic haematopoietic stem cell transplanta-
tion (HSCT) for acute leukaemia is due in part to the donor T cell–mediated graft-
versus-leukaemia immune reaction (GvL). Several studies have suggested that donor 
CD25+CD4+Foxp3+regulator T cells (Tregs) may decrease graft-versus-host disease 
(GvHD) without abrogating GVL. This notion may need modification in acute lympho-
blastic leukaemia (ALL).
Methods: Foxp3 mRNA level was measured by qPCR in preharvest donor blood 
CD4+ T cells. The study comprised 45 patients with ALL in 1st or 2nd CR who re-
ceived myeloablative HSCT using T-replete bone marrow grafts.
Results: Relapse occurred in 17 patients median 363 days after HSCT. The relapse 
risk was estimated by Cox univariate and multivariate proportional hazard regression. 
The proportionality assumption was met by analysing the preharvest donor Foxp3 
mRNA level as a time-dependent covariate. Early relapse was not modified by the 
Foxp3 mRNA level. However, a higher Foxp3 mRNA level was associated with a sig-
nificantly increased relapse risk after day 363 after transplantation, compatible with 
inhibition of GvL. In contrast, a higher preharvest donor CD4+ T-cell concentration 
was associated with reduced relapse risk.
Conclusion: A higher preharvest donor Foxp3 mRNA level may be predictive of late 
ALL relapse after HSCT.
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1  | INTRODUC TION

The curative effect of allogeneic T-cell replete myeloablative haema-
topoietic stem cell transplantation (HSCT) for acute leukaemia is due 
in part to the donor T cell–mediated graft-versus-leukaemia reaction 
(GvL).1 However, despite pretransplant conditioning and GvL, leu-
kaemia relapse remains a major cause of treatment failure.

CD25+CD4+Foxp3+regulatory T cells (Tregs) maintain periph-
eral immunological tolerance by inhibiting auto- and alloreactive T-
cell activation and function. Expression of the transcription factor 
Foxp3 is essential for the suppressive function of Tregs.2-6 In murine 
HSCT models, adoptive transfer of donor Tregs has been reported 
to abrogate T cell–mediated graft-versus-host disease (GvHD) as-
sociated mortality and yet preserve GvL.7-11 A similar reduced inci-
dence of acute GvHD without increased leukaemia relapse rate has 
been observed in patients with acute leukaemia after myeloablative 
conditioning followed by HSCT with T-cell replete peripheral blood 
stem cell (PBSC) allografts containing higher Treg concentrations. 
These patients received post-transplant GvHD prophylaxis with 
cyclosporine.12-14 Studies in man after HSCT with PBSC or umbili-
cal cord cells enriched with effector (ie non-regulatory) T cells and 
immuno-selected or ex vivo expanded donor Tregs have supported 
the notion that Tregs may inhibit GvHD without abrogating GvL.15-17 
A single study using bone marrow stem cells (BMSC) rather than 
PBSC showed no effect on acute GvHD associated with high Tregs 
in the graft. This study did not report relapse rate.18

We asked the question, whether the level of Foxp3 messenger 
RNA (mRNA) assessed by quantitative PCR (qPCR) in peripheral 
blood CD4+ T cells from the donor prior to stem cell harvest was 
predictive of acute leukaemia relapse after HSCT. This analysis in-
cluded children and adults with ALL in 1st or 2nd complete remission 
(CR) who received T-cell replete bone marrow allografts after mye-
loablative conditioning.

2  | PATIENTS AND METHODS

The study was approved by the Committees  on Health Research 
Ethics for the Capital Region of Denmark (H-4-2013-188) and the 
Data Protection Agency (30-1168). Informed written consent was 
obtained according to The Declaration of Helsinki.

2.1 | Patients

The study comprised 45 patients who received allogeneic myeloab-
lative HSCT with T-cell replete bone marrow at a single centre during 
1998-2006 due to ALL in 1st CR (n = 25) or 2nd CR (n = 20). The me-
dian patient age at HSCT was 16.7 years, range 4-52 years. Further 
selection criteria were restricted to known preharvest donor CD4+ 
and CD8+ T-cell blood concentrations, cytogenetics tested at diag-
nosis, preharvest frozen donor blood cells available for retrospec-
tive Foxp3 analysis, and no previous allogeneic transplantation. 

Definition of CR was based on morphological examination by mi-
croscopy and included normalisation of neutrophil granulocytes and 
thrombocytes. Patients with high-risk leukaemia, based on cytoge-
netics and time interval to achieve CR after onset of chemotherapy 
were preferentially transplanted in 1st rather than in 2nd CR.19-21

2.2 | Donor selection

Donor was an HLA identical sibling (n = 11) or an alternative HLA 
compatible donor, comprising other related (n = 1) or unrelated do-
nors (n = 33), Table 1. Twenty alternative donor-recipient pairs were 
typed for HLA-ABC, -DRB1 and -DQB1 by high resolution and 14 
alternative donor-recipient pairs were typed by low resolution for 
HLA-ABC and by high resolution for DRB1 and DQB1. Eleven alter-
native donor-recipient pairs had at least one documented allele or 
antigen mismatch, counting only GvHD directed mismatch.22

2.3 | Transplant procedures

All patients received myeloablative conditioning with fractionated 
TBI, 12 Gy with lung shielding to 9 Gy, combined with cyclophos-
phamide iv (60 mg/kg/d for two days), n = 19, or with etoposide iv 
(60 mg/kg once), n = 24. Instead of irradiation, two patients received 
weight and age-adjusted busulfan, 16 mg/kg orally or 12.8 mg/kg 
iv, combined with cyclophosphamide (n = 1) or etoposide (n = 1).23-

25 Antithymocyte globulin (ATG) (ATGAM, Upjohn, 20 mg/kg/d or 
Thymoglobulin, Merieux, 2.5  mg/kg/d) was given for three days 
during conditioning to 28 of 34 recipients with an alternative donor 
to prevent graft rejection.26 GvHD prophylaxis consisted of cyclo-
sporine day −1 to day 180, mean target whole blood valley concen-
tration (excluding metabolites) 300 μg/L, with or without 3 or 4 doses 
of methotrexate (MTX) iv day + 1 to + 11.27 Prednisolone 2 mg/kg/d 
was initial treatment for moderate-severe acute or extensive chronic 

Significance statements

1.	This study elucidates aspects of T cell–mediated graft-
versus-leukaemia reaction (GvL) after haematopoietic 
stem cell transplantation for acute lymphoblastic leu-
kaemia (ALL).

2.	A high concentration of Foxp3 mRNA, a molecular 
marker of regulatory T cells, in predonation donor blood 
is associated with an increased risk of late ALL relapse 
after transplantation suggesting that regulatory T cells 
from donor may inhibit GvL in ALL.

3.	This observation may become relevant for donor selec-
tion and for elimination of potential harmful cells in the 
donor stem cell graft or leukocyte products before infu-
sion to the patient.
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GvHD. Short courses of granulocyte colony-stimulating-factor (G-
CSF) were given to 30 patients to accelerate granulocyte recovery, 
starting median 23.5 days after transplantation (range 11-100 days). 
Leukaemia relapse was defined morphologically. Acute and chronic 
GvHD were diagnosed according to published criteria.28,29

2.3.1 | The graft

Donor BMSC were harvested by bone marrow aspiration and given 
iv at day zero. No ex vivo T-cell depletion was employed. Median 
dose was 3.18 × 108 nucleated cells/kg recipient weight.

2.4 | Blood lymphocytes and Foxp3 mRNA 
qPCR analysis

Peripheral blood samples were obtained 2-3  weeks prior to bone 
marrow harvest. CD3+ CD4+ and CD3+ CD8+ T cells were as-
sessed by a single platform lyse-no-wash procedure using Becton-
Dickinson TRUcount beads and BD TritestTM monoclonal antibodies. 
Mononuclear cells were obtained by Lymphoprep® gradient separa-
tion and stored in liquid nitrogen. After thawing, CD4+ T cells were 
isolated using magnetic beads (Dynabeads, Life Technologies). Flow 
cytometry after CD4+ T-cell isolation showed a purity of >97% 
CD3+ CD4+ T cells with contamination of <2% CD3+ CD8+ T cells 
and <1% CD14+ CD4dim monocytes. Foxp3 mRNA including full 
length and splice forms was analysed in duplicate by qPCR in pu-
rified CD4+ T cells using CD4 mRNA as a population-specific in-
ternal reference. The resulting ΔCT value, which denotes the PCR 
cycle threshold (CT) for the target mRNA minus the cycle threshold 
(CT) for CD4 mRNA, provided an estimate of the amount of target 
mRNA copies relative to reference mRNA copies.30 The number of 
CD4 mRNA copies has been found to be proportional to the num-
ber of CD4+ T cells, independent of T-cell activation.31 The ratio 
Foxp3 mRNA copies per CD4 mRNA copy therefore provides an es-
timate of the number of Foxp3 mRNA copies relative to the number 
of CD4+ T cells. This estimate was expressed in a non-log scale and 
multiplied by the CD4+ T-cell concentration in donor blood yielding 

TA B L E  1   Patient, donor and treatment-related characteristics

No 
ATG ATG Total P

Donor ≤ 34.0 y 9 14 23

Donor > 34.0 y 8 14 22

Total 17 28 45 1.00

Recipient ≤ 16.7 y 9 14 23

Recipient > 16.7 y 8 14 22

Total 17 28 45 1.00

Donor CD4 T 
cells ≤ 0.87 109/l

6 17 23

Donor CD4 T 
cells > 0.87 109/l

11 11 22

Total 17 28 45 .18

HLA identical sibling 
donor

11 0 11

HLA match alternative 
donor

4 19 23

HLA mismatch 
alternative donor

2 9 11

Total 17 28 45 <.0001

Donor CMV negative 8 19 27

Donor CMV positive 9 9 18

Total 17 28 45 .29

Recipient CMV 
negative

5 10 15

Recipient CMV 
positive

12 18 30

Total 17 28 45 .91

Female donor to male 
recipient

2 4 6

Other combinations 15 24 39

Total 17 28 45 1.00

Stage at HSCT: 1st CR 9 16 25

Stage at HSCT: 2nd 
CR

8 12 20

Total 17 28 45 1.00

High-risk cytogenetics 4 10 14

Not high-risk 
cytogenetics

13 18 31

Total 17 28 45 .60

Time to latest 
CR > median 32 d

10 13 23

Time to latest 
CR ≤ median 32 d

7 15 22

Total 17 28 45 .62

Busulfan 0 2 2

Total body irradiation 17 26 43

Total 17 28 45 .70

Cyclophosphamide 5 15 20

(Continues)

No 
ATG ATG Total P

Etoposide 12 13 25

Total 17 28 45 .20

Cyclosporine alone 10 0 10

Cyclosporine and 
Methotrexate

7 28 35

Total 17 28 45 <.0001

Abbreviations: ATG, Antithymocyte globulin; CMV, cytomegalovirus; 
CR, complete remission; HSCT, Haematopoietic stem cell 
transplantation.

TA B L E  1   (Continued)
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Foxp3 mRNA copies in arbitrary units per volume of blood, in the 
following denoted the Foxp3 mRNA level. CD25 and CTLA-4 mRNA 
expression were assessed by analogous procedures. Thus, “donor 
CD4+ T cell concentration” and “donor Foxp3 mRNA level” refer to 
preharvest peripheral blood values.

2.5 | Statistical analysis

Correlations between continuous covariates were tested using the 
Pearson correlation coefficient r. Risk factors for relapse were iden-
tified by univariate and multivariate Cox proportional hazard regres-
sion analysis and tested by Wald test, unless otherwise stated.32,33 
For the analysis of relapse, patients were censored at last follow-up, 
if they died in continuous CR after HSCT, or if they received a second 
infusion of cells from the same donor. Treatment failure was defined 
as relapse or death in continuous CR after HSCT, whatever is first, 
using last follow-up or a second cell infusion from the same donor as 
censoring. Disease-free survival is equal to the absence of treatment 
failure. CD4+ T-cell concentration and Foxp3 mRNA level were 
analysed as continuous covariates unless otherwise stated. The 
proportionality assumption was tested by time-dependent covari-
ates using the log-likelihood χ2-test. P < .050 indicated lack of pro-
portionality. Post-transplant events, including GvHD, were tested as 
time-dependent covariates. Probability of disease-free survival was 
analysed by Kaplan-Meier product-limit estimates using treatment 
failure as the event and last follow-up or a second infusion of cells 
from the same donor as censoring. The Mantel-Cox log-rank test 
was used to test for significance. Cumulative relapse incidence was 
analysed treating death in continuous CR after HSCT as a competing 
event. Differences between cumulative incidences were tested ac-
cording to Fine and Gray.34,35 All P values were two-tailed. P < .050 
was considered significant.

3  | RESULTS

Patient, donor and procedure-related characteristics are shown in 
Table 1 and Table S1. Relapse occurred in 17 of 45 patients median 
363 days (range 108 −1876 days) after HSCT. Twelve of 25 patients 
in 1st CR and five of 20 patients in 2nd CR experienced relapse after 
HSCT. Patients transplanted in 1st CR had marginally more often 
high-risk cytogenetics at diagnosis compared with patients in 2nd 
CR (P = .078) (Table S1). Moderate acute GvHD and chronic exten-
sive GvHD were diagnosed in 16 and 6 patients, respectively. Five 
patients died in continuous post-transplant CR median 133  days 
after HSCT (range 20 - 1357 days). One patient died with a respira-
tory syncytial virus infection, two patients died with acute GvHD, 
two patients died with acute GvHD combined with cytomegalovirus 
(CMV) infection, and one patient died due to a secondary neoplasm. 
No graft rejection occurred. One patient received additional stem 
cells from the same donor 121 days after HSCT due to pancytopenia 
without evidence of relapse or rejection. This patient was censored 

at the time of infusion according to the protocol. The median ob-
servation time for disease-free survivors was 3143  days (range 
121-4879 days).

In purified CD4+ T cells, the expression of Foxp3 mRNA was 
strongly correlated with the expression of CD25 mRNA (r  =  .79, 
P < .001, Figure 1A) and CTLA-4 mRNA (r = .74, P < .001, Figure 1B), 
consistent with the Treg phenotype.5,36-38 There was a weak correla-
tion between the donor Foxp3 mRNA level and total donor CD4+ 
T-cell concentration (r = .25, P = .004, 1C). Figure 1D illustrates the 
distribution of Foxp3 mRNA -ΔCT values. Figure 1E illustrates the 
corresponding -ΔCT values expressed as Foxp3 mRNA copy levels in 
arbitrary units per volume of blood.

3.1 | Cox proportional hazard regression 
analysis of relapse

Preharvest donor Foxp3 mRNA level and donor CD4+ T-cell con-
centration were analysed as continuous variables. The Cox analysis 
requires that the effect of each covariate be proportional with time 
since HSCT. However, the effect of donor Foxp3 mRNA level on the 
incidence of relapse did not meet the proportionality assumption. 
This was documented in univariate as well as in multivariate analysis 
by testing the effect of inclusion of donor Foxp3 mRNA as a time-
dependent covariate in the Cox models, using the chi-square test for 
significance (Pχ2 = .042 and .043, respectively). The lack of propor-
tionality indicated that the effect associated with higher donor Foxp3 
level on relapse differed significantly between early and late relapse. 
Proportionality was obtained when early and late relapse were ana-
lysed separately (≤363 days: Pχ2 = .53; >363 days: Pχ2 = .85), using 
dichotomy at the median relapse time. All other risk factors tested 
met the proportionality assumption without dichotomy.

3.2 | Univariate analysis of relapse

When early and late relapse were analysed separately, donor Foxp3 
mRNA level had no influence on risk of early relapse (hazard rate 
(HR) 0.60, P = .38, Table 2). However, a higher donor Foxp3 mRNA 
level was associated with a significantly increased risk of late relapse 
(HR 2.86, P = .0039, Table 2). In contrast, in the overall analysis of re-
lapse, a higher donor CD4+ T-cell concentration was associated with 
a significantly reduced relapse risk (HR = 0.092, P = .014, Table 2).

3.3 | Multivariate analysis of relapse

The results are presented in Table  3. To meet the proportional-
ity assumption, donor Foxp3 mRNA level was analysed in a single 
Cox model as a time-dependent covariate characterised by dispa-
rate hazard rates early and late after HSCT, using dichotomy at the 
median time of relapse. No significant effect of higher donor Foxp3 
mRNA level on early relapse was seen (HR = 1.24, P = .71, Table 3). 
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In contrast, a higher donor Foxp3 mRNA level was associated with 
a significantly increased risk of late relapse (HR = 4.26, P = .00043, 
Table 3). Multivariate analysis confirmed that higher donor CD4+ T-
cell concentration was associated with an overall decreased relapse 
risk (HR = 0.0061, P = .00032). Relapse occurred in nine of 28 pa-
tients who received ATG and in eight of 17 patients who did not re-
ceive ATG. We observed a significant statistical interaction between 

donor CD4+ T cells and ATG (Pχ2 = .027), indicating that the effect 
associated with donor CD4+ T cells was significantly different in 
patients who received ATG during the pretransplant conditioning 
compared with patients who did not. This is illustrated in Table  3 
which shows the effect of donor CD4+ T-cell concentration after 
stratification for ATG administration. In patients who did not receive 
ATG, a higher donor CD4+ T-cell concentration was associated with 

F I G U R E  1   Data description. A-C. Each dot represents one donor. Data are from 136 normal donors, median age = 34 years. Foxp3 
mRNA expression correlates strongly with the expression of CD25 mRNA (A, r = .79, P < .001) and CTLA-4 mRNA (B, r = .74, P < .001) 
in purified CD4+ T cells from preharvest donor blood. Values were obtained by qPCR using CD4 mRNA level as the internal reference. 
“r” denotes the Pearson correlation. P is the probability that the correlation is zero. Results are presented as minus ΔCT. ΔCT denotes the 
PCR cycle threshold (CT) for the target mRNA minus the cycle threshold (CT) for the internal reference. C. Weak correlations were found 
between preharvest donor Foxp3 mRNA level and preharvest donor CD4+ T-cell concentration (r = .25, P = .004). D and E. Data are from 
the present patient series (n = 45). Black circles denote patients who had relapse after HSCT (n = 17). White circles denote patients who 
were censored in CR after HSCT (n = 28). Horizontal dashed lines denote the median Y value for all patients. Unbroken lines denote median 
Y value pertaining to each subgroup. D, illustrates the distribution of Foxp3 mRNA -ΔCT values. The figure presents separate columns for 
patients who had relapse or were censored in CR. E, illustrates -ΔCT values expressed as Foxp3 mRNA levels in arbitrary units per volume of 
blood. E, presents separate columns for patients who had relapse or were censored in CR, either early (≤363 d) or late (>363 d) after HSCT 
[Colour figure can be viewed at wileyonlinelibrary.com]
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a reduced risk of relapse (HR 0.0002, P =  .00044) This effect was 
not significant in patients who received ATG (P = .12). No significant 
interaction was observed between donor CD4 and donor-recipient 
HLA mismatch or alternative donor. Furthermore, no statistically 
significant interaction between donor Foxp3 mRNA level and ATG 
was observed (Pχ2 =  .34). There were to too few patients to allow 
estimation of the relapse risk after splitting according to whether 
they received ATG.

The model presented in Table 3 included adjustment for the ef-
fect of leukaemia-associated risk factors known to be associated 
with increased relapse risk after HSCT, including stage at HSCT, 
high-risk cytogenetics at diagnosis,19,20 and time from onset of 
chemotherapy to achievement of CR,21 as well as the use of ATG 
during the pre-HSCT conditioning. Results of pretransplant mea-
surable residual disease (MRD) were not available and could not be 

obtained retrospectively. Other factors tested and found to be in-
significant included graft nucleated cell dose, donor and recipient 
age and pretransplant CMV status, alternative donor, documented 
donor-recipient HLA mismatch, administration of MTX or G-CSF, 
and moderate-severe acute or extensive chronic GVHD.

3.4 | Cumulative relapse incidence

For this analysis, preharvest donor Foxp3 mRNA level and pre-
harvest CD4+ T-cell concentration were analysed as categorical 
variables, that is high versus low, using dichotomy at the median. 
Figure 2A,B illustrate the effect of donor Foxp3 mRNA level on the 
cumulative incidence of early and late relapse after HSCT, respec-
tively. No effect on early relapse was observed (Figure 2A, P = .61). 

End point (event). E : n Variable Hazard rate [95% CI] P Wald

Early relapse, E : n = 9:45 Donor Foxp3 mRNA level 0.60 [0.19-1.92] .38

Late relapse, E : n = 8:31 Donor Foxp3 mRNA level 2.86 [1.38-5.90] .0039

Overall relapse E : n = 17:45 Donor CD4+ T cells 109/L 0.092 [0.013-0.64] .014

ATG during conditioning 0.63 [0.24-1.66] .34

Alternative donor 1.33 [0.42-4.17] .62

HLA mismatch donor 0.90 [0.25-3.21] .092

Recipient age >16.7y 2.40 [0.87-6.62] .086

2nd vs 1st CR at HSCT 0.49 [0.17-1.43] .18

High-risk cytogenetics 2.25 [0.83-6.08] .10

Time to CR >32d 1.03 [0.39-2.73] .53

Total body irradiation 0.32 [0.069-1.45] .87

Etoposide 1.46 [0.53-4.02] .46

Methotrexate 1.69 [0.47-6.03] .41

Moderate acute GvHD E : 
n = 16:45

Donor Foxp3 mRNA level 0.41 [0.14-1.19] .096

Donor CD4+ T cells, 109/L 1.63 [0.24-11.01] .62

ATG during conditioning 1.26 [0.43-3.72] .34

Alternative donor 0.58 [0.20-1.71] .31

HLA mismatch donor 1.59 [0.54-4.68] .11

Recipient age >16.7y 0.52 [0.18-1.46] .20

Methotrexate 0.49 [0.17-1.44] .18

Total body irradiation 0.60 [0.076-4.74] .38

Female donor-male recip. 0.40 [0.050 - 3.14] .37

Extensive chronic GvHD E : 
n = 6:45

Donor Foxp3 mRNA level 0.27 [0.034-2.12] .23

Donor CD4+ T cells 109/l 0.035 [0.0010-1.24] .059

Early TF, E :n = 13:45 Donor Foxp3 mRNA level 0.52 [0.18−1.49] .21

Late TF, E : n = 9:31 Donor Foxp3 mRNA level 2.60 [1.30-3.83] .0056

Overall TF Donor CD4+ T cells 109/L 0.17 [0.032-0.85] .028

Note: Donor Foxp3 mRNA level and donor CD4+ T-cell concentration were assessed in donor 
blood obtained prior to harvest, expressed per litre blood and analysed as continuous variables. 
To obtain proportionality, the covariate “pre-harvest Foxp3 mRNA level/l” was analysed after 
dichotomy at the median relapse time into early and late relapse.
Abbreviations: CI, confidence interval; CR, complete remission; E, n: number of patients with event: 
number of patients in the group; GvHD, Graft-versus-Host Disease; HSCT, Haematopoietic stem 
cell transplantation; TF, Treatment failure.

TA B L E  2   Univariate analysis of relapse, 
GvHD and treatment failure (TF)
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However, high donor Foxp3 mRNA level was associated with a four-
fold increased cumulative incidence of late relapse compared with 
low donor Foxp3 mRNA level (Figure 2B, P =  .046). These results 
are compatible with the results of univariate and multivariate Cox 
proportional hazard regression (Table 2 and 3, respectively). In con-
trast to the effect of high donor Foxp3 mRNA level, a higher donor 
CD4+ T-cell concentration was associated with a reduced cumula-
tive incidence of relapse compared with lower donor CD4+ T-cell 
concentration. However, this donor CD4+ T cell–associated effect 
appeared to be restricted to patients who did not receive ATG during 
conditioning (Figure 2C,D), compatible with the results of the multi-
variate analysis (Table 3).

3.5 | GvHD and treatment failure

By univariate Cox proportional hazard regression analysis of acute 
GvHD, there was a non-significant trend of decreased risk of acute 
GvHD associated with higher donor Foxp3 mRNA level, analysed as 
a continuous variable, (P = .096, Table 2). The number of cases with 
chronic GvHD (n = 6) was too low to justify analysis. Treatment fail-
ure was defined as relapse (n = 17) or death in continuous remission 
after HSCT (n = 5). Donor Foxp3 mRNA level and donor CD4+ T-cell 
concentration were analysed as continuous variables. Multivariate 
models included recipient age and CMV immune state, condition-
ing with ATG and total number of nucleated cells in the graft. Test 
for proportionality showed that the effect of donor Foxp3 mRNA 

level failed to meet the proportionality assumption with respect to 
treatment failure (Pχ2 = .021). Early and late univariate (Table 2) and 
multivariate (Table 4) analysis showed an increased risk of late treat-
ment failure associated with higher preharvest donor Foxp3 mRNA 
(multivariate analysis, HR 2.31, P = .017, Table 4). In contrast, higher 
donor CD4 + T-cell concentration was associated with an overall de-
creased risk of treatment failure (HR = 0.17, P =  .028). This effect 
was significant when the conditioning did not include ATG (multi-
variate analysis, HR = 0.014, P = .012). No significant effect of donor 
CD4+ concentration was observed when ATG was included in the 
conditioning. Recipient age above median was a marginally signifi-
cant risk factor (not shown).

Kaplan-Meier estimates of the probability of disease-free sur-
vival confirmed that high preharvest donor Foxp3 mRNA level was 
associated with a significantly decreased probability of late disease-
free survival (>363 days, P =  .025, Figure 2F), which is equivalent 
with the increased risk of late treatment failure shown in Tables 2 
and 4. No similar effect was observed during the first 363 days after 
HSCT (P = .75, Figure 2E).

4  | DISCUSSION

Patients with high-risk ALL were transplanted in 1st rather than in 
2nd CR (Table S1). This preference was defined by treatment proto-
cols. As a result of this risk-adapted strategy, the effect of leukaemia-
associated risk factors and stage per se on post-HSCT relapse could 
not be estimated. However, the bias introduced by this strategy did 
not compromise the retrospective analysis of the risk associated 
with donor Foxp3 mRNA level and CD4+ T-cell concentration, since 
these values were unknown at the time of HSCT. More importantly, 
we were unable to adjust for the adverse effect associated with pre-
transplant presence of MRD, since this information was not available 
at the time of analysis and could not be obtained retrospectively. 
However, since Foxp3 expression is a donor associated risk factor, 
and MRD is associated with the recipient, and none of them were 
involved in the procedure of donor-recipient matching, MRD cannot 
be a confounder for the observed association between Foxp3 mRNA 
and post-HSCT relapse. Yet, the absence of MRD data increases the 
degree of statistical uncertainty associated with analysis of donor 
Foxp3 mRNA and CD4+ T cells.

With this precaution, this study strongly suggested that a higher 
preharvest donor Foxp3 mRNA level was associated with an in-
creased risk of late, but not early, relapse of ALL in patients who re-
ceived allogeneic myeloablative HSCT with T-replete bone marrow 
grafts and received GvHD prophylaxis including cyclosporine with 
or without MTX. Given that a patient at the end of one year was alive 
and relapse-free, the risk of subsequent relapse was significantly in-
creased when the preharvest donor blood Foxp3 mRNA level was 
above median.

In contrast, a higher preharvest donor Foxp3 mRNA level was 
not associated with an increase of early relapse. The absence of an 
early effect may be due to the administration of cyclosporine, which 

TA B L E  3   Multivariate Cox analysis of relapse

Variable E : n
Hazard rate [95% 
CI] P Wald

Donor Foxp3 mRNA 
level, early relapse

9:45 1.24 [0.39-4.01] .71

Donor Foxp3 mRNA 
level, late relapse

8:31 4.26 [1.87-9.67] .00043

Donor CD4+ T cells 
109/L, ATG = 0

8:17 0.0002 
[<0.0001-0.025]

.00044

Donor CD4+ T cells 
109/L, ATG = 1

9:28 0.070 [0.0023 
- 2.11]

.12

Note: Donor Foxp3 mRNA level and donor CD4+ T-cell concentration 
were assessed in donor blood obtained prior to harvest, expressed 
per litre blood, and analysed as continuous variables. To obtain 
proportionality, donor Foxp3 mRNA level was included into the model 
as a time-dependent covariate. A significant interaction was found 
between donor CD4 + T cells and conditioning with ATG . ATG = 0: 
conditioning not including ATG. ATG = 1: conditioning including ATG. 
The results were adjusted for the effect of stage, high-risk cytogenetics, 
time to achieve CR, and ATG during conditioning. Other factors tested 
and found to be insignificant included graft nucleated cell dose, 
donor and recipient age and pretransplant CMV status, alternative 
donor, documented donor-recipient HLA mismatch, administration of 
Methotrexate or Granulocyte colony-forming factor, and moderate-
severe acute or extensive chronic Graft- versus- host disease.
Abbreviations: ATG, Antithymocyte globulin; CI, confidence interval; E, 
n: number of patients with post-transplant relapse : number of patients 
in the group.
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was given day −1 – +180 as prophylaxis against GvHD. Treg expan-
sion and suppressor function are highly dependent on an exogenous 
supply of interleukine-2 (IL-2), mainly produced by activated effector 
T cells.36,37 Cyclosporine is a strong inhibitor of IL-2 production and 
may consequently abrogate Treg function.38 When Treg function is 
abrogated, donor effector T cells may mediate GvL independently 
of the donor preharvest Treg level. We hypothesise that when cy-
closporine prophylaxis is discontinued, increasing IL-2 release may 
result in expansion of Tregs which may inhibit GvL, and consequently 
increase the risk of late relapse. It follows that it is only in the ab-
sence of cyclosporine that an effect of higher donor Treg concentra-
tion may be observed.

This mechanism does not explain why a higher dose of pro-
phylactic cyclosporine may be associated with an increased risk of 
leukaemia relapse after HSCT.39 The precise explanation for this re-
quires further investigation.

The association between higher donor Foxp3 mRNA expression 
and late post-transplant relapse of ALL has not previously been re-
ported. Previous studies have suggested that grafts containing a 
high Treg concentration may not abrogate GvL.12-14 These studies 
measured Treg concentration within the graft by flow cytometry 
and comprised AML as well as ALL patients who received PBSC 
grafts. Several factors may account for this discrepancy. First, as-
sessment by qPCR of Foxp3 mRNA level may not be equivalent 

F I G U R E  2   Relapse of acute 
lymphoblastic leukaemia after HSCT. 
A and B. Cumulative relapse incidence 
after HSCT associated with preharvest 
donor Foxp3 mRNA level, expressed 
as categorical variables, that is above 
or below the median level. Due to 
lack of proportionality, early and late 
relapse were analysed separately after 
dichotomy at the median time of relapse. 
A. Early relapse ≤363 d after HSCT. B. 
Late relapse >363 d after HSCT. C and 
D. Cumulative relapse incidence after 
HSCT associated with preharvest donor 
CD4+ T-cell concentration, expressed as 
categorical variables above or below the 
median concentration. C. Conditioning 
without ATG. D. Conditioning including 
ATG. E and F. Kaplan-Meier estimates of 
the probability of disease-free survival 
after HSCT associated with high versus 
low preharvest donor Foxp3 mRNA level. 
E. Early disease-free survival ≤363 d 
after HSCT. F. Late disease-free survival 
(>363 d after HSCT). Number of patients 
with post-HSCT events: number of 
patients in each subgroup are indicated in 
brackets. Tick marks represent patients 
still at risk for event. Foxp3 mRNA 
level denotes minus ΔCT, expressed in 
a non-log scale as arbitrary units per l 
blood [Colour figure can be viewed at 
wileyonlinelibrary.com]
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with flow cytometric assessment of CD4+ CD25+Foxp3+CD127low 
T cells (Tregs), which measures the number of Foxp3 protein-
expressing T cells,40 particularly because Foxp3 expressing cells are 
heterogeneous with respect to origin, stability, function and level 
of Foxp3 mRNA expression per cell.41,42 Unfortunately, we were 
unable to perform a direct comparison between Foxp3 mRNA re-
sults and flow cytometric assessment of Foxp3 protein expression. 
However, the results of these assessments have been reported by 
others to be correlated.43,44 Furthermore, we observed a significant 
correlation between Foxp3 mRNA and CD25 and CTLA-4 mRNA 
expression (Figure 1A,B), consistent with the Treg phenotype.5,44-46 
Second, the choice of graft type may be important. Treg concen-
tration in the bone marrow is higher than in peripheral blood while 
the reverse is true regarding non-regulatory (effector) T cells.47 It 
is therefore possible that BMSC recipients in the present study re-
ceived a higher Treg dose compared with PBMC recipients. Third, 
most former results have been obtained in patient groups com-
prising AML as well as ALL. However, it remains to be documented 
whether GvL mechanisms are identical in AML and ALL. Thus, the 
disparate results obtained may at least in part be explained by dis-
parate study designs. In addition, due to the limited number of pa-
tients, our conclusions must be drawn with caution.

Assessment of T cells in preharvest donor blood, as in the 
present study, rather than in the graft has previously been used 
to demonstrate a predictive effect of donor Tregs on GvHD after 
HSCT.44,48 We observed a trend compatible with a reduced risk 
of acute GvHD associated with higher donor Foxp3 mRNA level 
(Table 2, HR = 0.41, P = .096). However, the effect was not signifi-
cant, possibly due to the limited number of patients. The number of 
cases with chronic extensive GvHD was too low to allow analysis.

In patients not receiving ATG during the conditioning, a 
higher preharvest donor CD4+ T-cell concentration was asso-
ciated with a reduced relapse risk (Table  3). This association is 
consistent with observations that donor CD4+ T cells mediate 
GvL in murine models and in humans.49,50 We observed a signif-
icant interaction between the donor CD4+ T-cell concentration 
and ATG, suggesting that the effect associated with higher donor 
CD4+ T cells was restricted to patients who did not receive ATG 
during conditioning (Table 3, Figure 2C,D). Importantly, ATG and 
donor-recipient HLA mismatch may be confounding risk fac-
tors (Table  1). Further analysis in a larger data set is required 
to distinguish an effect of ATG from the possible effect of HLA 
mismatch. Thus, given the small sample size, it is premature to 
make definite conclusions regarding the effect of ATG. A test 
for interaction between donor Foxp3 mRNA level and ATG was 
negative (Pχ2 = .34). Thus, there was no evidence that the admin-
istration of ATG during the conditioning modified the effect of 
donor Foxp3 level on relapse.

We observed an increased probability of late treatment failure 
in univariate and multivariate analysis (Table 4), and a correspond-
ing decreased Kaplan-Meier estimate of disease-free survival 
(Figure 2F) associated with higher preharvest donor Foxp3 mRNA 
level. In contrast, a decreased probability of late treatment failure 
associated with higher preharvest donor CD4+ T-cell concentration 
was observed (Table 4).

4.1 | Conclusion

A higher level of expression of Foxp3 mRNA in purified CD4+ T 
cells isolated from preharvest donor blood was associated with an 
increased risk of late relapse in patients with ALL who received my-
eloablative conditioning followed by allogeneic HSCT using bone 
marrow grafts, suggesting that Tregs may inhibit GvL. In contrast, a 
higher preharvest donor CD4+ T-cell concentration was associated 
with a reduced relapse risk, which was abrogated in patients who 
received ATG during the conditioning.
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TA B L E  4   Multivariate Cox analysis of treatment failure

Variable E : n
Hazard rate [95% 
CI]

P 
Wald

Donor Foxp3 mRNA level, 
early TF

13:45 0.61 [0.20-1.80] .36

Donor Foxp3 mRNA level, 
late TF

9:17 2.31 [1.14-4.66] .017

Donor CD4+ T cells 109/l, 
ATG = 0

9:17 0.014 
[0.00045-0.42]

.012

Donor CD4+ T cells 109/L, 
ATG = 1

13:28 0.37 [0.022-6.34] .48

Note: Treatment failure is defined as relapse or death whatever is first. 
Donor Foxp3 mRNA level and donor CD4 + T-cell concentration were 
assessed in donor blood obtained prior to harvest, expressed per litre 
blood, and analysed as continuous variables. To obtain proportionality, 
donor Foxp3 mRNA level was included into the model as a time-
dependent covariate. A significant interaction was found between 
donor CD4 + T cells and conditioning with ATG. ATG = 0: conditioning 
not including ATG. ATG = 1: conditioning including ATG. The results 
were adjusted for the effect of recipient age and CMV immune state, 
ATG during conditioning and dose of nucleated cells in the graft.
Abbreviations: ATG: Antithymocyte globulin; CI, Confidence interval; E, 
n: Number of patients number of patients in the group; TF, Treatment 
failure.



652  |     JACOBSEN et al.

ORCID
Niels Jacobsen   https://orcid.org/0000-0002-7645-9593 

R E FE R E N C E S
	 1.	 Horowitz MM, Gale RP, Sondel PM, et al. Graft-versus-leukemia re-

actions after bone marrow transplantation. Blood. 1990;75:555-562.
	 2.	 Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the de-

velopment and function of CD4+CD25+ regulatory T cells. Nat 
Immunol. 2003;4:330-336.

	 3.	 Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell 
development by the transcription factor Foxp3. Science. 
2003;299:1057-1061.

	 4.	 Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential role for Scurfin 
in CD4+CD25+ T regulatory cells. Nat Immunol. 2003;4:337-342.

	 5.	 Sakaguchi S, Sakaguchi N, Shimizu J, et al. Immunologic tolerance 
maintained by CD25+ CD4+ regulatory T cells: their common role 
in controlling autoimmunity, tumor immunity, and transplantation 
tolerance. Immunol Rev. 2001;182:18-32.

	 6.	 Shimizu J, Yamazaki S, Sakaguchi S. Induction of tumor immunity 
by removing CD25+CD4+ T cells: a common basis between tumor 
immunity and autoimmunity. J Immunol. 1999;163:5211-5218.

	 7.	 Edinger M, Hoffmann P, Ermann J, et al. CD4+CD25+ regulatory 
T cells preserve graft-versus-tumor activity while inhibiting graft-
versus-host disease after bone marrow transplantation. Nat Med. 
2003;9:1144-1150.

	 8.	 Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober S. Donor-
type CD4+CD25+ regulatory T cells suppress lethal acute graft-
versus-host disease after allogeneic bone marrow transplantation. 
J Exp Med. 2002;196:389-399.

	 9.	 Jones SC, Murphy GF, Korngold R. Post-hematopoietic cell trans-
plantation control of graft-versus-host disease by donor CD4+25+ 
T cells to allow an effective graft-versus-leukemia response. Biol 
Blood Marrow Transplant. 2003;9:243-256.

	10.	 Taylor PA, Lees CJ, Blazar BR. The infusion of ex vivo activated 
and expanded CD4+CD25+ immune regulatory cells inhibits graft-
versus-host disease lethality. Blood. 2002;99:3493-3499.

	11.	 Trenado A, Charlotte F, Fisson S, et al. Recipient-type specific 
CD4+CD25+ regulatory T cells favor immune reconstitution and 
control graft-versus-host disease while maintaining graft-versus-
leukemia. J Clin Invest. 2003;112:1688-1696.

	12.	 Pabst C, Schirutschke H, Ehninger G, Bornhauser M, Platzbecker 
U. The graft content of donor T cells expressing γδTCR+ and 
CD4+foxp3+ predicts the risk of acute graft versus host disease 
after transplantation of allogeneic peripheral blood stem cells from 
unrelated donors. Clin Cancer Res. 2007;13:2916-2922.

	13.	 Wolf D, Wolf AM, Fong D, et al. Regulatory T-cells in the graft and 
the risk of acute graft-versus-host disease after allogeneic stem cell 
transplantation. Transplantation. 2007;83:1107-1113.

	14.	 Delia M, Pastore D, Mestice A, et al. Outcome of allogeneic pe-
ripheral blood stem cell transplantation by donor graft CD3+/Tregs 
ratio: a single-center experience. Biol Blood Marrow Transplant. 
2013;19:495-499.

	15.	 Brunstein CG, Miller JS, Cao Q, et al. Infusion of ex vivo expanded 
T regulatory cells in adults transplanted with umbilical cord blood: 
safety profile and detection kinetics. Blood. 2011;117:1061-1070.

	16.	 Di Ianni M, Falzetti F, Carotti A, et al. Tregs prevent GVHD and pro-
mote immune reconstitution in HLA-haploidentical transplantation. 
Blood. 2011;117:3921-3928.

	17.	 Martelli MF, Di Ianni M, Ruggeri L, et al. HLA-haploidentical trans-
plantation with regulatory and conventional T-cell adoptive immuno-
therapy prevents acute leukemia relapse. Blood. 2014;124:638-644.

	18.	 Rosenzwajg M, Dhédin N, Maury S, et al. Regulatory T cell content 
in the bone marrow graft does not predict the occurrence of acute 
GVHD. Biol Blood Marrow Transplant. 2011;17:265-269.

	19.	 Hochberg J, Khaled S, Forman SJ, Cairo MS. Criteria for and 
outcomes of allogeneic haematopoietic stem cell transplant 
in children, adolescents and young adults with acute lympho-
blastic leukaemia in first complete remission. Br J Haematol. 
2013;161:27-42.

	20.	 Moorman AV, Harrison CJ, Buck GA, et al. Karyotype is an indepen-
dent prognostic factor in adult acute lymphoblastic leukemia (ALL): 
analysis of cytogenetic data from patients treated on the Medical 
Research Council (MRC) UKALLXII/Eastern Cooperative Oncology 
Group (ECOG) 2993 trial. Blood. 2007;109:3189-3197.

	21.	 Hann I, Vora A, Harrison G, et al. Determinants of outcome after 
intensified therapy of childhood lymphoblastic leukaemia: results 
from Medical Research Council United Kingdom acute lymphoblas-
tic leukaemia XI protocol. Br J Haematol. 2001;113:103-114.

	22.	 Lee SJ, Klein J, Haagenson M, et al. High-resolution donor-recipient 
HLA matching contributes to the success of unrelated donor mar-
row transplantation. Blood. 2007;110:4576-4583.

	23.	 Tutschka PJ, Copelan EA, Klein JP. Bone marrow transplantation for 
leukemia following a new busulfan and cyclophosphamide regimen. 
Blood. 1987;70:1382-1388.

	24.	 Nguyen L, Fuller D, Lennon S, Leger F, Puozzo C. IV busulfan in pedi-
atrics: a novel dosing to improve safety/efficacy for hematopoietic 
progenitor cell transplantation recipients. Bone Marrow Transplant. 
2004;33:979-987.

	25.	 Marks DI, Forman SJ, Blume KG, et al. A comparison of cyclophos-
phamide and total body irradiation with etoposide and total body 
irradiation as conditioning regimens for patients undergoing sibling 
allografting for acute lymphoblastic leukemia in first or second com-
plete remission. Biol Blood Marrow Transplant. 2006;12:438-453.

	26.	 Storb R, Leisenring W, Anasetti C, et al. Long-term follow-up of 
allogeneic marrow transplants in patients with aplastic anemia 
conditioned by cyclophosphamide combined with antithymocyte 
globulin. Blood. 1997;89:3890-3891.

	27.	 Storb R, Deeg HJ, Whitehead J, et al. Methotrexate and cyclospo-
rine compared with cyclosporine alone for prophylaxis of acute 
graft versus host disease after marrow transplantation for leuke-
mia. N Engl J Med. 1986;314:729-735.

	28.	 Przepiorka D, Weisdorf D, Martin P, et al. 1994 Consensus 
Conference on Acute GVHD Grading. Bone Marrow Transplant. 
1995;15:825-828.

	29.	 Shulman HM, Sullivan KM, Weiden PL, et al. Chronic graft-versus-
host syndrome in man. A long-term clinicopathologic study of 20 
Seattle patients. Am J Med. 1980;69:204-217.

	30.	 Ryder LR, Woetmann A, Madsen HO, et al. Expression of full-
length and splice forms of FoxP3 in rheumatoid arthritis. Scand J 
Rheumatol. 2010;39:279-286.

	31.	 Mocellin S, Provenzano M, Rossi CR, Pilati P, Nitti D, Lise M. Use of 
quantitative real-time PCR to determine immune cell density and 
cytokine gene profile in the tumor microenvironment. J Immunol 
Methods. 2003;280:1-11.

	32.	 Prentice RL, Kalbfleisch JD. Hazard rate models with covariates. 
Biometrics. 1979;35:25-39.

	33.	 Andersen PK, Keiding N. Interpretability and importance of 
functionals in competing risks and multistate models. Stat Med. 
2012;31:1074-1088.

	34.	 Fine JP, Gray RJ. A proportional Hazards Model for the 
Subdistribution of a Competing Risk. J Am Stat Assoc. 
1999;94:496-509.

	35.	 Scrucca L, Santucci A, Aversa F. Competing risk analysis using R: an 
easy guide for clinicians. Bone Marrow Transplant. 2007;40:381-387.

	36.	 Malek TR. The main function of IL-2 is to promote the development 
of regulatory cells. J. Leukoc. Biol. 2003;74:961-965.

	37.	 Thornton AM, Donovan EE, Piccirillo CA, Shevach EM. Cutting 
edge: IL-2 is critically required for the in vitro activation of CD4+ 
CD25+ T cell suppressor function. J Immunol. 2004;172:6519-6523.

https://orcid.org/0000-0002-7645-9593
https://orcid.org/0000-0002-7645-9593


     |  653JACOBSEN et al.

	38.	 Zeiser R, Nguyen VH, Beilhack A, et al. Inhibition of CD4+CD25+ 
regulatory T-cell function by calcineurin-dependent interleukin-2 
production. Blood. 2006;108:390-399.

	39.	 Bacigalupo A, Van Lint MT, Occhini D, et al. Increased risk of leuke-
mia relapse with high-dose cyclosporine A after allogeneic marrow 
transplantation for acute leukemia. Blood. 1991;77:1423-1428.

	40.	 Roncador G, Brown PJ, Maestre L, et al. Analysis of FOXP3 protein 
expression in human CD4+CD25+ regulatory T cells at the single-
cell level. Eur J Immunol. 2005;35:1681-1691.

	41.	 Miyara M, Yoshioka Y, Kitoh A, et al. Functional delineation and dif-
ferentiation dynamics of human CD4+ T cells expressing the FoxP3 
transcription factor. Immunity. 2009;30:899-911.

	42.	 Ermann J, Hoffmann P, Edinger M, et al. Only the CD62L+ subpop-
ulation of CD4+CD25+ regulatory T cells protects from lethal acute 
GVHD. Blood. 2005;105:2220-2226.

	43.	 Zorn E, Kim HT, Lee SJ, et al. Reduced frequency of FOXP3+ 
CD4+CD25+ regulatory T cells in patients with chronic graft-
versus-host disease. Blood. 2005;106:2903-2911.

	44.	 Rezvani K, Mielke S, Ahmadzadeh M, et al. High donor FOXP3-
positive regulatory T-cell (Treg) content is associated with a low 
risk of GVHD following HLA-matched allogeneic SCT. Blood. 
2006;108:1291-1297.

	45.	 Miura Y, Thoburn CJ, Bright EC, et al. Association of Foxp3 reg-
ulatory gene expression with graft-versus-host disease. Blood. 
2004;104:2187-2193.

	46.	 Nadal E, Garin M, Kaeda J, Apperley J, Lechler R, Dazzi F. Increased 
frequencies of CD4(+)CD25(high) T(regs) correlate with disease re-
lapse after allogeneic stem cell transplantation for chronic myeloid 
leukemia. Leukemia. 2007;21:472-479.

	47.	 Blache C, Chauvin JM, Marie-Cardine A, et al. Reduced frequency 
of regulatory T cells in peripheral blood stem cell compared to 

bone marrow transplantations. Biol Blood Marrow Transplant. 
2010;16:430-434.

	48.	 McIver Z, Melenhorst JJ, Wu C, et al. Donor lymphocyte count and 
thymic activity predict lymphocyte recovery and outcomes after 
matched-sibling hematopoietic stem cell transplant. Haematologica. 
2013;98:346-352.

	49.	 Faber LM, van Luxemburg-Heijs SAP, Veenhof WFJ, Willemze R, 
Falkenburg JH. Generation of CD4+ cytotoxic T-lymphocyte clones 
from a patient with severe graft-versus-host disease after alloge-
neic bone marrow transplantation: implications for graft-versus-
leukemia reactivity. Blood. 1995;86:2821-2828.

	50.	 Stevanovic S, Griffioen M, Nijmeijer BA, et al. Human allo-reactive 
CD4+ T cells as strong mediators of anti-tumor immunity in NOD/
scid mice engrafted with human acute lymphoblastic leukemia. 
Leukemia. 2012;26:312-322.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Jacobsen N, Frisch T, Keiding N, et al. 
High preharvest donor Foxp3 mRNA level predicts late 
relapse of acute lymphoblastic leukaemia after 
haematopoietic stem cell transplantation. Eur J Haematol. 
2021;106:643–653. https://doi.org/10.1111/ejh.13591

https://doi.org/10.1111/ejh.13591

